It is known that photons produced by spontaneous parametric down-conversion can be coupled into optical fibers more efficiently by focusing the pump field. We find that focusing the pump in type-II down-conversion causes photons of ordinary and extraordinary polarization to acquire very different angular spreads, which amounts to spatial information that distinguishes between the polarization states. Numerical studies predict that the photons collected by a detector or quantum channel will be of predominantly one polarization and that the degree of polarization entanglement will be lessened in some cases.
I. INTRODUCTION
Spontaneous parametric down-conversion ͑SPDC͒ is a popular means of producing entangled particles. In this process, photons in a "pump" laser field interact with a nonlinear optical crystal and spontaneously decay into pairs of photons of lesser energy. Photons produced by SPDC have been used successfully in many experiments testing fundamental aspects of quantum physics ͓1-5͔, as well as in many implementations of schemes for manipulating quantum information ͓6-10͔. However, the emission of photons into a pair of transmission channels ͑e.g., single-mode fibers͒ typically occurs with low probability. For some applications, a high conditional probability ͑probability of finding a photon in one channel given the presence of a photon in a second channel͒ is desired. In nearly all applications, a high joint probability ͑pair collection rate͒ is desired. To this end, some recent works have investigated the dependence of the conditional and joint probabilities on the crystal length, pump focus, and fiber mode diameter ͓11-14͔. As a general rule, the collection probabilities are highest when the divergences of the pump field and fiber modes are comparable to that of the emitted photons ͓15͔.
In this paper we describe our finding that, in the common case of angle-tuned phase matching, the down-converted photon distribution acquires a strong spatial asymmetry when the pump field is focused. In type-II schemes, the distribution of extraordinary ͑ordinary͒ photons broadens in places where the distribution of ordinary ͑extraordinary͒ photons does not. As we will discuss, the collection efficiencies for the photons in each pair become unequal, resulting in a lower signal-to-noise ratio and, in some cases, reduced polarization entanglement. Figure 1 shows the distribution of photons emitted in type-II SPDC for various degrees of pump focus. A 1-mmlong ␤-barium borate ͑BBO͒ crystal was illuminated by an Ar + laser ͑ = 351.1 nm͒. Lenses of various focal lengths were used to bring the pump beam to a focus within the crystal. After the crystal, a pair of lenses imaged the angular distribution of the output photons onto a charge coupled device array. A spectral filter restricted the imaged photons to a 3 nm bandwidth near the degenerate wavelength ͑702 nm͒. When the pump is collimated ͑having a negligibly small divergence͒, the angular distributions of ordinary and extraordinary photons form nearly circular rings ͓Fig. 1͑a͔͒ ͓20͔. In * each image, the upper ring consists of ordinary ͑o͒ polarized light and the lower ring consists of extraordinary ͑e͒ polarized light. When the pump is focused ͑having a large divergence͒, the top of each ring is broadened. This behavior is confirmed by numerical simulation ͓Fig. 1͑b͔͒. The nature of the broadening is more fully revealed when the pump is focused separately in the horizontal and vertical dimensions by the use of a cylindrical lens ͑Fig. 2͒. In our experiment, the plane containing the pump wave vector and Poynting vector ͑the "walkoff plane"͒ is vertical. Focusing the pump horizontally ͑perpendicular to the walkoff plane͒ broadens the rings uniformly in the horizontal direction. Focusing the pump vertically ͑in the walkoff plane͒ broadens one side of each ring strongly in the vertical direction, but hardly affects the other side of the ring.
II. THE PHENOMENON AND ITS EXPLANATION
The observed asymmetric spatial broadening can be predicted from phase matching considerations. Phase matching refers to the fact that photons are emitted with significant probability only when
Here L j is the length of the crystal in dimension j, k denotes wave vector, and p, o, and e refer to pump field, ordinary polarized photon, and extraordinary polarized photon, respectively. As we will now show, near-forward phase matching can be satisfied only if most of the pump photon's transverse momentum is imparted to the down-converted photon that has the same polarization as the pump. Consider propagation in the near-forward direction ͑z͒ through a uniaxial crystal whose optic axis lies in the vertical ͑yz͒ plane. Since the asymmetric broadening occurs in the vertical direction, we will restrict analysis to the y dimension. To lowest order, the mismatch is The second line follows from conservation of transverse momentum, k py = k oy + k ey . By definition the ordinary photon has no angular dispersion ͑‫ץ‬k o / ‫ץ‬k y =0͒, while the extraordinary photon has ‫ץ‬k e / ‫ץ‬k y 0 ͑assuming propagation is not along one of the principal axes͒. In the case of type-II phase matching with a negative uniaxial crystal ͑denoted type II − ͒, the pump is extraordinary and has an angular dispersion similar to that of the extraordinary photon: ‫ץ‬k p / ‫ץ‬k y Ϸ ‫ץ‬k e / ‫ץ‬k y . ͓Note the similarly shaped index ellipsoids in Fig. 3͑a͒ .͔ Thus the first bracketed term in Eq. ͑2͒ is much smaller than the second, and ⌬k z = 0 implies ͉k oy ͉ Ӷ ͉k ey ͉. Considering k py = k oy + k ey , it follows that k ey Ϸ k py , k oy Ϸ 0. If the pump beam contains a large spread of transverse momenta, the extraordinary photons will have large divergence but the ordinary photons will not. In the case of type-II + phase matching, the situation is reversed: the pump and ordinary photons FIG. 2 . The emission distributions when the pump is either collimated, focused horizontally ͑perpendicular to the optic axis͒, or focused vertically ͑in the plane of the optic axis͒. For the focused cases the divergence of the pump in the plane of focus is 13 mrad.
FIG. 3.
Complementary explanations of polarization-dependent angular broadening of photons emitted in the forward direction, based on considerations of ͑a͒ phase matching and ͑b͒ spatial walkoff. In a negative uniaxial crystal, the extraordinary polarized photon tilts in conjunction with the pump ͑a͒ and walks off with the pump ͑b͒. In a positive uniaxial crystal, the ordinary photon propagates with the pump ͑c͒. In general, the photon with the same polarization as the pump acquires a spatial distribution similar to that of the pump, becoming highly divergent when the pump beam is tightly focused. The other photon is much less affected by the pump mode. See Eq. ͑2͒ and the subsequent text for details.
have like dispersion, ‫ץ‬k p / ‫ץ‬k y = ‫ץ‬k o / ‫ץ‬k y = 0. The second bracketed term in Eq. ͑2͒ vanishes, and ⌬k z = 0 implies k ey =0, k oy = k py . In this case the ordinary photons acquire all of the pump divergence. For both type-II − and type-II + phase matching, similar explanations can be given for photons emitted at the extremal angles, e.g., at the top of the upper ring and the bottom of the lower ring. However, at the extremal angles the roles of ordinary and extraordinary photons are reversed compared to photons emitted in the nearforward direction.
The phase matching argument suggests that it is actually the increased divergence of a focused pump that causes the broadening, not the decreased size of the pump spot at the crystal. To test this hypothesis, the pump focusing lens was translated so that the pump waist occurred at various distances before the crystal. Indeed, the output intensity distribution shows little dependence on the position of the pump waist ͑Fig. 4͒.
The origin of the spatial asymmetry can also be understood from a more physical, but completely equivalent, perspective. For near-collinear type-II − phase matching, ordinary photons propagate straightforward while the pump field and extraordinary photons walk off at similar angles ͓Fig. 3͑b͔͒. Extraordinary photons emerge from a region approximately the same size as that of the pump. When the pump is tightly focused, the area is small and diffraction dictates that the extraordinary photons have a large divergence. Ordinary photons are emitted with an area that is vertically elongated due to the lateral translation of the pump. Therefore the ordinary photons will have a much smaller vertical divergence, in agreement with the conclusions reached above based on phase-matching considerations. In a positive uniaxial crystal the situation is reversed: the ordinary photon propagates in line with the pump and is emitted from a small area when the pump is focused, causing it to diverge more than the extraordinary photon, which propagates away from the pump and is emitted with a larger area ͓Fig. 3͑c͔͒.
The asymmetry between ordinary and extraordinary spatial distributions that appears in the case of a focused pump is completely analogous to the spectral asymmetry that appears in the case of an ultrashort pump ͓16͔. The joint amplitude is the product of the pump amplitude function E͑k ey + k oy ͒ and phase-matching function sinc͑⌬kL /2͒ ͑Fig. 5͒. The pump function is maximal along the line k ey =−k oy , whereas the phase-matching function is maximal on a curve approximated by the line k ey =−͑‫ץ‬k p / ‫ץ‬k y − ‫ץ‬k o / ‫ץ‬k y ͒ / ͑‫ץ‬k p / ‫ץ‬k y − ‫ץ‬k e / ‫ץ‬k y ͒k oy . The joint distribution becomes asymmetric when the width of the pump function in transverse momentum space becomes comparable to the width of the phase-matching function. We note that this is just the regime in which collection efficiency is improved.
Just as asymmetry in the joint spectrum amounts to spectral distinguishability of the photons, asymmetry in the joint angular distribution amounts to spatial distinguishability. Both types of distinguishability reduce the polarization entanglement of the pair, that is, the ability of the two polarization pair states to show quantum interference. We note that in type-II schemes, the ordinary and extraordinary photons are emitted in distinct direction cones, and strictly speaking are already spatially distinguishable. When maximal polarization entanglement is desired, it is usually achieved by positioning apertures to limit the field of view to points at which a photon of either polarization may be found with equal probability ͓Figs. 6͑a͒ and 6͑b͔͒. In the case of pump focusing, however, photons of one polarization are more densely distributed than those of the other ͓Fig. 6͑c͔͒ and it is not obvious that polarization entanglement can be maximal for any aperture size. The interplay between pump focusing and spatial filtering in determining both the pair collection rate and the degree of polarization entanglement is the subject of the next section. FIG. 4 . The emission distribution is relatively insensitive to the distance between the pump waist and crystal. For these images, the pump divergence was 21 mrad ͑inferred Rayleigh range 0.2 mm͒. The upper portion of the third image is partly obstructed by an aperture.
FIG. 5. The joint distribution of transverse momentum ͑or of vertical emission angle͒ is the product of the pump distribution and the phase-matching function. When the spread of pump transverse momentum is comparable to or larger than the width of the phase-matching envelope, the joint distribution is asymmetric with respect to exchange of ordinary and extraordinary polarization. For this simulation, the pump divergence was 21 mrad.
III. NUMERICAL STUDIES OF THE EFFECTS OF PUMP FOCUS
We will now investigate in detail the impact of focusing the pump on the performance of entangled-photon sources based on type-II SPDC. We suppose that the photons emitted by the crystal are collected into two "channels" which transmit the photons to their intended destinations. Of primary interest is the flux of photons in these channels and their degree of polarization entanglement. The flux and polarization entanglement are determined by the polarization density matrix, which is obtained by summing the full density matrix over the spatial modes in each channel. Let C j be a set of orthonormal spatial modes spanning channel j ͑j =1,2͒. Then the elements of the polarization density matrix for a pair of collected photons ͑one photon in each channel͒ are
͑3͒
Here â p;s is the annihilation operator for photons of polarization p and spatial mode s, and ͉͘ is the state of the downconversion light. To first approximation, ͉͘ may be written as
where ͑2͒ is the coefficient of nonlinearity, E͑k͒ is the wavevector distribution of the pump field, and A is a constant of proportionality. The pair flux, or probability of finding a pair of photons of polarization ͑p 1 , p 2 ͒, is . ͑8͒
For our studies we model SPDC sources similar to that in our experiment. In particular, all calculations are for frequency-degenerate down-conversion in a 1-mm-long BBO crystal pumped by a monochromatic field at 351 nm, with spectral filters limiting the bandwidth of the emitted photons to 3 nm. It is assumed that differences in group delay and spatial walkoff are removed by passing the photons through an appropriate amount of birefringent material ͑e.g., a second BBO crystal, half the length of the first and with the fast axis orthogonal to that of the first͒.
A. Angularly resolved channels
We first consider channels in which the emission angles of the photons are resolvable; for example, free-space channels consisting of the modes that pass through a pair of circular apertures in the Fraunhofer zone of the source. Figure 7 shows the variation of the pair flux and interference visibility with the angular width of the apertures for several different situations: the pump field is either collimated or tightly focused, and the crystal is aligned such that the ordinary and extraordinary rings either intersect or are tangent, as in Figs. 6͑a͒ and 6͑b͒.
For obvious reasons, the flux is a monotonically increasing function of aperture radius in all cases. The entanglement also shows a common trend, namely a monotonic decrease from an initial value of 1, for reasons that are perhaps less obvious. When the pump is collimated, the ordinary and extraordinary photon densities are equal where the rings overlap. The photons are spatially distinguishable only when the aperture size exceeds the size of the overlap region. For crossed rings, the size of the overlap region is just the ring thickness ͑7 mrad͒; for tangent rings, the size of the overlap region is larger ͑ϳ25 mrad͒, and depends on the ratio of ring thickness to ring curvature. When the pump is focused, the ordinary and extraordinary photon densities are unequal at every point, and the collection rates for the two polarizations are unequal for all aperture sizes. Nevertheless, the entanglement remains high as long as the apertures are smaller than the overlap region. The reason is that the probability of find- FIG. 6 . In the case of a collimated pump ͑a,b͒, photons of ordinary ͑o͒ and extraordinary ͑e͒ polarization can be made spatially indistinguishable by limiting the field of view to regions where the distributions intersect ͑encircled regions͒. In the case of a focused pump ͑c͒, the distributions have different densities and are distinguishable regardless of the size of the aperture.
ing a pair of photons in the overlap regions is the same whether the pair polarization is ͑o , e͒ or ͑e , o͒: a photon from the low-density ring must couple into one channel and a photon from the high-density ring must couple into the other. As long as the channels are identical, the joint probability contains no information to distinguish the pair polarization states. ͑The impact of the channel sizes will be pursued further in the next section.͒ The modes outside the overlap region do not obey this symmetry, and pair polarization states are probabilistically distinguishable.
Although maximum polarization entanglement is possible whether the pump is collimated or focused, the tradeoff between entanglement and flux is different for the various cases. Figure 8 shows entanglement vs flux for the four cases considered in Fig. 7 . Clearly, focusing the pump greatly reduces the flux for a given entanglement. Because the distribution of extraordinary photons is broadened, only a fraction of the photons found in one overlap region have partners in the other overlap region; the pair flux is limited to this fraction.
B. Single-mode channels
We now suppose that the photons are collected into a pair of single-mode fibers. The fibers modes are modeled as Gaussian functions of emission angle, onto which the joint amplitude is projected. Figure 9 shows the variation of the pair flux and entanglement with the angular width ͑w parameter͒ of the fiber mode functions, for the same conditions as in Fig. 7 . Here the pair and single-photon fluxes do not monotonically increase with angular size of the fiber mode, but have maxima where the overlap between the spatial distribution of the joint amplitude and the fiber modes is largest. In agreement with previous studies ͓11,12,15͔, the overlap is better and the flux is significantly higher when the pump is focused. ͑Note the different vertical scales.͒ However, the single-photon rates are generally different and peak at different values of the fiber mode size.
The important feature of Fig. 9 is that the entanglement is always unity. To understand this, we note that the singlemode nature of the fibers removes nearly all the spatial information the photons may have carried before they entered the fibers. In this sense the fibers act as spatial quantum erasers ͓17-19͔. The spatial information is reduced to a FIG. 7 . ͑Color online͒ Predicted collection rates ͑solid lines͒ and polarization entanglement ͑dashed lines͒ when the field of view is spatially multimode, limited by a pair of circular apertures. o and e denote single-channel collection rates for ordinary and extraordinary photons, respectively; oe denotes the pair collection rate. In ͑a,c͒ the pump is collimated ͑divergence 0.1 mrad͒, whereas in ͑b,d͒ the pump is focused ͑divergence 16 mrad͒. In ͑a,b͒ the crystal is oriented such that the ordinary ͑o͒ and extraordinary ͑e͒ emission cones intersect, whereas in ͑c,d͒ the geometry is such that the ordinary and extraordinary cones are tangent. single factor, the overlap between the photon and the fiber mode, which appears in the amplitude of the collected state. Because the emission distribution is symmetric about the vertical axis, and the fiber modes are the same size and located symmetrically about this axis, the probability amplitude of coupling an o photon into one fiber and an e photon into the other is the same regardless of which fiber receives which photon. Although each fiber is more likely to receive an extraordinary photon than an ordinary photon, no "whichpath" information for the pair remains.
It may seem strange that the polarization entanglement can be essentially 100% even when the photons in each channel have a predominant polarization. However, the existence of a net polarization in this case is due to photons whose partners are not collected in the other channel; such "extra" photons do not directly affect any coincidence measurement, although they may be undesirable in that the detection system will be occupied registering the arrival of photons that are useless for applications requiring entangled pairs.
Because symmetric single-mode channels remove distinguishing spatial information, no tradeoff between flux and entanglement exists as in the case of multimode channels; one simply chooses the fiber size to maximize the flux. However, the entanglement may be sensitive to differences between the fiber modes ͑for example, if one fiber is closer to the source than the other, or a different size͒. The dependence of flux and entanglement on the ratio of the angular widths of the fibers is shown in Fig. 10 . When the pump is collimated ͓Fig. 10͑a͔͒, the ordinary and extraordinary distributions have the same shape and couple to a given fiber with equal probability. Therefore, regardless of the fiber sizes, it is not possible to distinguish ͉o , e͘ and ͉e , o͘ on the basis of coupling efficiency; the entanglement remains at unity. But in the case of a focused pump ͓Fig. 10͑b͔͒, the joint coupling efficiencies for ͉o , e͘ and ͉e , o͘ are different when the fibers are different sizes, and the entanglement decreases because the photons are no longer in a balanced Bell state. In one sense the entanglement is not very sensitive to size mismatch, in that one fiber mode must be nearly twice as large as the other to decrease the visibility below 95%. Such a large mismatch will not occur with fibers of the same stock or from a small fractional difference in the distances between the crystal and the fiber ends. However, it is common practice to couple photons into fibers using short focal-length microscope objectives. Small adjustments of the focus can produce relatively large changes in magnification. Consequently, the entanglement may be more sensitive to fiber focus when the pump is focused than if the pump were collimated. Furthermore, it can be seen from Fig. 10͑b͒ that maximizing the coincidence rate for either pair polarization state ͑a seemingly reasonable alignment strategy͒ does not necessarily maximize the polarization entanglement.
IV. CONCLUSION
In type-II spontaneous parametric down-conversion, phase matching causes the transverse momentum of the pump to be unevenly split between the daughter photons. When the pump is tightly focused, photons propagating in the near-forward direction with the same polarization as the pump acquire a much larger divergence than photons of the other polarization. Where the emission cones intersect, one cone is much broader than the other, making the two polarizations spatially distinguishable ͑see Note added͒. If the photons are collected into spatially multimode channels ͑an-gularly resolved transmission͒, a collimated pump is preferred: it yields a higher degree of polarization entanglement for a given pair flux than a focused pump. If the photons are instead collected into matched single-mode fibers, a focused pump is preferred: a high polarization entanglement can be obtained with either pump ͑since the fibers filter out all the photons' spatial information͒, but the pair collection rate is much higher when the pump is focused. However, if the two fiber modes are dissimilar, one polarization pair state will couple more efficiently than the other, resulting in an imbalanced superposition of the two states and nonmaximal entanglement. These effects are not expected to occur for type-I down-conversion or for the case that pump and photons propagate along one of the principal refractive axes of the down-conversion material, as is often the case with quasiphase-matched materials.
Note added. Recently, the authors became aware of a similar work by P. S. K. Lee et al., Phys. Rev. A 72, 033803 ͑2005͒.
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